Introduction
Chlorine has been extensively used as an industrial compound for the synthesis of innumerable commercial products, including bleaches, solvents, disinfectants, monomers for plastics, pharmaceuticals and pesticides. Moreover, chlorine gas is widely used as a disinfectant for water purification systems. Despite the acknowledged societal contributions of chlorinated chemicals, there recently has been considerable media attention on proposals by some environmental groups and scientists to ban the industrial use of chlorine. -The idea of banning a natural elemental chemical which plays an integral role in the function of natural ecosystems and biosystems has also been challenged by scientists and scientific organizations. -The origins of chlorine chemophobia are derived primarily from the environmental impact and hypothesized adverse human impacts of one major subclass of chlorinated compounds, namely the persistent chlorinated hydrocarbons which have been identified as widespread environmental contaminants ( Figure 1 ). -Included in this group of compounds are chemicals which have been produced for specific applications, namely polychlorinated biphenyls (PCBs), naphthalenes (PCNs) and terphenyls (PCTs); organochlorine pesticides, such as DDT and related metabolites; toxaphene; and chlorinated cyclodiene-derived compounds (e.g. dieldrin, endrin and endosulfan). In addition, combustion of organic material which contains a source of chlorine also results in the formation of polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs). PCDDs and PCDFs as well as PCBs have been detected as by-products in the combustion of municipal, hospital and various organic wastes, in car exhausts and cigarette smoke. -PCDDs are also by-products formed during the production of chlorinated phenols and their derived products, including the herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T). -PCDDs and PCDFs have also been detected as by-products in the combustion of wood and coal, and the relative global mass contributions of various industrial-related versus 'natural' (e.g. forest fires, volcanic eruptions) sources of PCDDs and PCDFs have not been unequivocally determined. A major problem associated with human exposures to PCDDs and PCDFs is the high toxicity of 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD) and related 2,3,7,8-substituted PCDDs and PCDFs.
The environmental problems associated with organohalogen compounds are primarily due to their physicochemical properties, namely chemical stability and lipophilicity. After their release into the environment, organochlorine pollutants are stable and resistant to chemical and biodegradation and preferentially bioaccumulate in the food chain. Thus residues of PCBs, PCDDs, PCDFs, DDT and other organochlorine pesticides are routinely detected in fish, wildlife and human adipose tissue, serum and milk. The relative levels of these compounds are variable; however, in most locations, p, p-DDE (a DDT metabolite) and PCBs are the dominant contaminants and are present at high parts per billion to low parts per million levels, whereas PCDDs and PCDFs are usually detected at the parts per trillion to parts per billion levels. Concentrations of other halogenated hydrocarbon pollutants tend to be between those observed for PCBs/DDE and PCDD/Fs. The discovery of DDT and related compounds and PCBs as global environmental contaminants resulted in the restricted use or banning of these chemicals in most developed nations; however, DDT is still used as an insecticide in several less developed or underdeveloped countries. The application and use of most other organochlorine compounds has also been restricted or banned. Not surprisingly, levels of these contaminants have decreased in most locations, -and, in the Great Lakes Figure 1 region, lower levels of some organochlorine pollutants are paralleled by increased wildlife (birds) reproduction.
Human Toxicology of Organochlorine Pollutants

Background
Human exposure to halogenated hydrocarbons has primarily occurred through three different exposure scenarios, namely (1) background exposure in which the major route is via consumption of contaminated food; (2) accidental exposures; and (3) occupational exposure during production or use of organochlorine compounds. The highest exposure group is usually industrial workers, and their levels of exposure are dependent on their length of employment in contaminated areas. Most accidental exposures occur over a short time period; however, depending on exposure levels, these individuals may represent high, medium or low exposure groups. For example, after an explosion in a chemical factory in Seveso, Italy, released a 'toxic cloud' containing high levels of TCDD, individuals residing in the most contaminated areas (zone A) had tissue or serum levels of TCDD which were higher than most occupationally exposed workers. Most
Introduction
The biochemical and toxic effects of PCDDs and PCDFs in laboratory animals and humans have been extensively investigated. -TCDD is the most toxic member of this class of compounds and has been used as a prototype for investigating responses elicited by PCDDs and PCDFs and for determining their mechanism of action. TCDD induces a diverse spectrum of toxic and biochemical responses in laboratory animals and cells in culture, and these include a wasting syndrome, immune suppression, hepatotoxicity and porphyria, reproductive and developmental toxicity, carcinogenicity, tumour promotion activity, disruption of endocrine response pathways, and induction of both phase 1 (CYP1A genes and related enzyme activities) and phase 2 drug-metabolizing enzymes. The effects of 2,3,7,8-substituted PCDD/Fs in laboratory animals and humans are age-, sex-, strain-and species-dependent, and in both in vivo and in vitro studies the response to PCDD/Fs are highly tissue-and cell-type-specific. The mechanism of action of TCDD and related compounds has been extensively investigated using induction of CYP1A1 gene expression as a model. The uptake of TCDD into target cells is followed by initial binding to the cytosolic aryl hydrocarbon receptor (AhR) protein, which rapidly accumulates in the nucleus as a heterodimer. The nuclear AhR complex contains the AhR and AhR nuclear translocator (Arnt) proteins which subsequently interact with cis-acting dioxin responsive elements (DREs) to effect transactivation. It is generally accepted that most of the biochemical and toxic responses caused by TCDD and related compounds are AhR mediated. The AhR has been identified in most target tissues in laboratory animals, mammalian cells in culture and human tissues/organs. -
Carcinogenesis
The carcinogenic effects of PCDDs and PCDFs have been extensively investigated in several highly exposed groups, including industrial workers, herbicide applicators, individuals poisoned in the Yusho and Yu-Cheng incidents in Japan and Taiwan, respectively, and individuals exposed in the Seveso accident in Italy. -The utility and significance of several epidemiology studies are variable due to a number of factors, which include limited numbers of exposed individuals, small numbers of tumours, exposure to chemicals other than PCDDs and PCDFs (e.g. phenoxy herbicides, PCBs and other industrial chemicals), problems in tumour detection and classification and minimal data on actual levels of exposure to PCDD/Fs. Table 1 summarizes results of studies reported by several groups on the association between exposure to PCDD/Fs and development of cancer.
A number of cohort studies on workers exposed to PCDD/Fs during the manufacture of chlorinated herbicides or phenols have been reported. Analysis of the cancer mortality data from 5712 workers in herbicide manufacturing plants in the United States showed that death from all cancers was slightly elevated (SMR : 115). Mortality from several cancers which were associated with TCDD exposure in some other studies (e.g. stomach and nasal cancer, non-Hodgkin's lymphoma and soft tissue sarcoma) were not increased; however, in workers with P1 year of exposure and P20 years of latency, the SMR values were significantly increased for all cancers (SMR : 146), soft tissue sarcoma (SMR : 929) and for cancers of the respiratory system (SMR : 142). The authors concluded that 'This study of mortality among workers with occupational exposure to TCDD does not confirm the high relative risks reported for many cancers in previous studies. . . . we cannot exclude the possible contributions of factors such as smoking and occupational exposure to other chemicals'. In a study of 18 910 production workers and herbicide sprayers from 10 countries, there was no significant increase in cancer mortality. There was an increased risk for soft tissue sarcoma and several other cancers occurring in the group with a high latency (10-19 years from first exposure). However, the excess cancer 'does not seem to be specifically associated with those herbicides probably contaminated by TCDD'.
Cancer mortality in 1583 workers employed in herbicide manufacturing in Germany was increased in the whole group (SMR : 124-139) and the SMR value increased to 182-187 for men with 20 or more years employment in the plant. Interestingly, breast cancer mortality was increased in exposed women (SMR : 215) whereas breast cancer incidence was decreased in women exposed to TCDD in the Seveso incident. This latter observation is consistent with laboratory studies which demonstrate that TCDD is a potent antiestrogen in human breast cancer cells and inhibits mammary tumour formation and growth in rodent models. No deaths due to soft tissue sarcoma were found in the German workers; however, there was increased mortality from non-Hodgkin's lymphoma. The third major industrial study examined BASF employees who were exposed to TCDD during an accident in 1953. Many of these individuals developed chloracne, which is a hallmark of TCDD exposure. The SMR for all cancers was 117 and, for workers with chloracne, the SMR was higher (139) but not significantly elevated. The authors concluded that there was not a strong association between TCDD exposure and increased incidence of cancer; however, the size of the exposed cohort may be too small to detect an increase.
An industrial accident in a chemical plant resulted in the release of TCDD and exposure of the population in Seveso, Italy. The cancer incidence of individuals living in zones A, B and R (in order of decreasing levels of contamination) have been examined. The SMRs for all malignancies were 100, 80 and 90 for females and 70, 100 and 90 for males in zones A, B and R, respectively. Interpretation of the results of this study is difficult because the number of exposed individuals in zone A zone B zone R, and there was not a consistent exposure-dependent increase in any tumour. In zone R, the incidence of non-Hodgkin's lymphoma and soft tissue sarcoma was increased; in zone B, hepatobiliary cancer was elevated. Breast and endometrial cancer were decreased in most areas, and this is consistent with the antiestrogenic activity of TCDD and related compounds.
Several case-control studies examined the association between phenoxy herbicide exposure and non-Hodgkin's lymphoma and soft tissue sarcoma. -Studies in Sweden -correlated increased incidence of non-Hodgkin's lymphoma and soft tissue sarcoma with exposure to phenoxy herbicides and chlorinated phenols, and this was also reported in other studies. In contrast, other case control studies -did not observe these correlations, and this issue has been the subject of controversy in the scientific literature. Two recent nested case-control studies reported that excess risk of soft tissue sarcoma was associated with exposure to any phenoxy herbicide or to 2,4-dichloro-and 2,4,5-trichlorophenoxyacetic acid and 4-chloro-2-methylphenoxyacetic acid; risks for nonHodgkin's lymphoma were 'generally weaker than those found in the study on sarcoma'. These data do not necessarily implicate TCDD as an etiologic agent since exposure to herbicides which do not contain TCDD as a contaminant were also associated with increased risk from soft tissue sarcoma. Thus, because of the variations between studies, both the cohort and case-control studies do not unequivocally show that TCDD in association with herbicides induces specific cancers in humans. This is an area of research which has been extensively reviewed -and there is considerable controversy regarding the interpretation of results and study designs.
Non-cancer Endpoints
One of the major hallmarks of acute exposure to TCDD and related compounds is the development of chloracne and other dermal problems which have been identified in highly exposed workers. In animal studies, TCDD can cause liver damage and both induction and repression of diverse enzyme activities. A number of studies have investigated the effects of exposure to PCDD/Fs on various indicators of hepatic effects, and these include elevation of serum enzymes such as -glutamyl transferase (GGT), aspartate amino transferase (AST), alanine aminotransferase, D-glucaric acid secretion, increased serum triglycerides, CYP1A2 induction and porphyria. -Unfortunately, most studies provide only limited data on one or more of these parameters; however, the results suggest that there may be some reversible effects in liver. A recent study investigated the induction of caffeine metabolism, a CYP1A2-dependent response, in workers with highly elevated serum TCDD levels ( Table 2 ). The results showed that induction of CYP1A2 was not associated with elevated levels of TCDD; however, if the exposed and control groups were sorted into smoking and non-smoking groups, the results showed that significantly elevated caffeine metabolite ratios were observed in the former group. Thus, for induction of CYP1A2, the compounds in cigarette smoke were more effective as inducers of CYP1A2 than the high levels of TCDD in the worker cohort. This suggests that cigarette smoking and the relatively high intake of other AhR agonists in various foods may be confounding factors in assessing adverse impacts of TCDD related compounds. It has been suggested that risk assessment of current dietary levels of TCDD and related compounds (exodioxins) should also take into account the contributions of 'natural dioxins'. Several studies have examined other possible adverse effects associated with exposure to PCDD/Fs, and these included alteration of thyroid function, gastrointestinal disorders, reproductive problems, neurotoxicity, immunotoxicity, pulmonary and cardiovascular effects. -Many of these effects have been observed in laboratory animals exposed to TCDD; however, these responses were not consistently observed (or measured) in exposed human populations. The association between increased risk for diabetes and elevated fasting serum glucose levels and TCDD exposure was reported in the Ranch Hand studies which examined highly exposed Vietnam veterans, and this is an area which should also be further investigated. In summary, high levels of adult exposure to PCDD/Fs result in some adverse effects which appear to be reversible; therefore, it is unlikely that low level dietary exposure to these compounds represents a risk to human health.
PCBs
Introduction
PCBs are industrial compounds which were widely used as organic diluents, plasticizers, pesticide extenders, adhesives, dust-reducing agents, cutting oils, flame retardants, heat transfer fluids, dielectric fluids for transformers and capacitors, hydraulic lubricants, sealants and in carbonless copy paper. PCBs have entered the environment via multiple pathways and residues of these compounds have been identified in air, water, wildlife and human adipose tissue, serum and milk. -Like many other aromatic hydrocarbons, PCBs are highly lipophilic and chemically stable and this has contributed to their environmental persistence and bioconcentration in the food chain. PCBs were originally manufactured and sold according to their degree of chlorination, and therefore PCB residues in the environment are derived from multiple PCB formulations. There are 209 possible individual PCB congeners and at least 132 of these compounds have been identified in the commercial mixtures. The PCB composition of environmental samples is highly variable and dependent on the specific sample (e.g. air, water or biota) and the relative PCB inputs from local or regional sources of these contaminants. PCB residues from wildlife and humans resemble, in part, the gas chromatographic pattern observed for highly chlorinated Aroclor 1260 (60% by weight) due to the preferential environmental degradation of lower chlorinated compounds. The toxic and biochemical effects of PCB mixtures and individual compounds have been extensively investigated in laboratory animals and mammalian cells in culture.
-. The pattern of PCB (mixture)-induced responses is highly complex since the mixtures contain structurally diverse compounds which elicit a wide spectrum of responses. For example, many of the effects of commercial PCB mixtures resemble those described for TCDD and related compounds. These activities are primarily due to the non-ortho or coplanar PCB congeners (3, 3, 4, 4, 3, 4, 4, 5, or their mono-ortho-substituted analogues (2, 3, 4, 4, 2, 3, 4, 4, 2, 3, 3, 4, 2, 3, 4, 4, 2, 3, 3, 4, 2, 3, 4, 4, 5, 2, 3, 3, 4, 4, 3, 3, 4, 4, 5, . All of these compounds bind to the Ah receptor and elicit Ah receptor-mediated responses; however, the mono-ortho-substituted congeners also resemble phenobarbital (PB) as inducers of hepatic drugmetabolizing enzymes and are called 'mixed-type' inducers. Diverse structural classes of PCBs, typified by 2,2,4,4,5,5-hexaCB, resemble PB as an inducer of drug-metabolizing enzymes and as tumour promoters in rodent models. More recent studies have identified 'ortho-substituted' PCBs which are neurotoxic, and PCB metabolites and congeners which exhibit diverse activities. -The potential overall contributions of individual PCB congeners to the toxicity of PCB mixtures may also involve additive or non-additive (synergism or antagonism) interactions which have not been extensively studied.
The adverse human impacts of PCBs have been investigated in occupationally exposed workers as well as individuals poisoned with PCB-contaminated rice oil in Japan and Taiwan (Yusho and Yu-Cheng poisonings). -In addition, recent studies have shown a correlation with in utero exposure to PCBs and subtle neurodevelopmental and neurobehavioural deficits in children. These effects were observed in children with relatively low-level environmental exposure to PCBs and thus have raised concerns regarding the potential adverse effects of low level in utero exposure to organochlorine compounds during critical periods of foetal development.
Carcinogenesis
Several studies have reported overall cancer mortality in workers occupationally exposed to PCB mixtures and the incidence of specific cancers. -In studies containing the largest number of workers, there was not a significant overall increased incidence of cancer in these groups. However, an increased incidence of some cancers have been reported and these include melanomas, the grouping of liver, gall bladder and biliary tract cancers, gastrointestinal tract cancer in males and hematologic neoplasms. Some of the increases were not statistically significant and the carcinogenic effects observed in these workers differed in each study. These results suggest that in workers exposed to relatively high levels of PCBs there was not a consistent increase in one or more cancers; however, continued monitoring of PCB-exposed workers is warranted since laboratory animal studies in rodents have shown that some of the more highly chlorinated mixtures are hepatocarcinogens.
There has also been concern regarding the potential role of PCB, DDE and other chlorinated hydrocarbons in the development of breast cancer in women. -Three studies reported that either PCB or DDE levels were elevated in mammary tissue or serum of breast cancer patients but not in matched controls. -. However, a more recent comprehensive study of 150 breast cancer patients in California and 150 matched controls showed that PCBs and DDE were not elevated in the former group. Moreover, meta-analysis of all studies which compared organochlorine levels in breast cancer patients and controls showed that there was not a significant association between higher DDE or PCB levels and increased incidence of breast cancer. It seems unlikely that background environmental exposures to these organohalogen compounds would be associated with an increased incidence of breast cancer in women since occupationally exposed workers do not have an increased incidence of this disease.
Non-carcinogenic Responses in Occupationally Exposed Workers
Although occupational exposure to PCBs does not increase mortality, a number of PCB-related responses have been reported. -Some of the effects include chloracne and related dermal lesions; diverse hepatic effects, including increased serum levels of liver enzymes and lipids, induced hepatic drug-metabolizing enzymes and hepatomegaly; decreased birth weight of the offspring of occupationally exposed mothers; decreased pulmonary function; and eye irritation. In some studies the PCB-induced responses were reversible. It was reported that tissue levels of PCBs in transformer repair workers were higher in exposed workers than unexposed workers; however, there was no significant correlation between PCB levels and symptoms of putative PCB-induced toxicosis. The adverse health effects of PCBs on workers exposed at toxic waste sites or during accidents or fires involving PCB-containing equipment, such as transformers or capacitors, have also been investigated. -Some neurobehavioral dysfunction may be associated with firemen exposed to PCBs; however, there was no correlation between levels of exposure and putative PCB-induced responses.
Neurobehavioral and Neurodevelopmental Problems
Most studies which examine the high-dose effects of PCBs have focused on occupationally exposed adults. Jacobson and co-workers initiated a study to investigate the potential adverse effects of environmental contaminants on the offspring of women who consume fish from Lake Michigan. -Their results showed that there was a correlation between cord serum PCB levels and several parameters such as decreased birth weight and head circumference and neurodevelopmental deficits in newborns, which included poorer performance on the Brazelton Neonatal Behavioral Assessment Scale, on the psychomotor index of the Bayley Scales of Infant Development and on Fagan's Visual Recognition Memory Test. At four years of age there was a correlation between in utero exposure to PCBs and growth retardation, and reduced activity in the children was correlated with contemporary PCB body burdens. There was also a correlation between prenatal exposure to PCBs and poorer performance on the psychomotor index of the Bayley Scales of Infant Development in North Carolina infants (6 and 12 months). -The McCarthy Scales deficits reported in the Michigan study were not observed in the North Carolina children; moreover, the North Carolina children exposed to higher levels of PCBs did not exhibit unsatisfactory habits or conduct. The reason for the discrepancies between the Michigan and North Carolina studies are unknown.
A recent study in the Netherlands also investigated the potential correlation between in utero exposure to PCBs, PCDDs and PCDFs and neurological development in infants. This study utilized high-resolution analysis of PCBs, PCDDs and PCDFs so that dioxin or toxic equivalents (TEQs) in each sample could be estimated, where
This method is now widely used for hazard and risk assessment of 'TCDD-like' compounds where the TEQ is the summation of the concentration of the individual congener times its potency (TEF) relative to TCDD. -The Netherlands study utilized several measures for assessment of neurological conditions which were expressed as neurological optimality scores (NOS). There was not a significant correlation between cord or plasma PCB levels and NOS scores. However, there was a correlation between high postnatal exposure to PCBs and a higher prevalence of hypotonia. This observation contrasts with results from the North Carolina and Michigan studies, which showed correlations between neurodevelopmental deficits and prenatal exposures to PCBs. Thus, the presumed effects of in utero exposure to PCBs or 'dioxin-like' halogenated aromatics exhibit variability between studies, and this is an area which requires further research.
Yusho and Yu-Cheng Poisoning
Several thousand individuals were poisoned with PCBs in two separate accidents in Japan and Taiwan when PCB-containing industrial fluid accidentally leaked into rice oil which was then purchased by consumers. -The toxic symptoms observed in both the Yusho (Japan) and Yu-Cheng (Taiwan) poisonings included severe and persistent chloracne, dark brown pigmentation of nails, distinctive hair follicles, skin thickening, various ocular problems, numbness in some extremities and numerous subjective complaints that could be associated with neurological problems. The severity of these acute poisonings with PCBs was somewhat surprising since most of these symptoms are not observed in individuals occupationally exposed to PCBs. Moreover, adipose tissue and serum analysis of Yusho and Yu-Cheng victims, workers and normal individuals showed that their PCB levels were comparable. In contrast, the corresponding PCDF concentrations were consistently higher in the Yusho and Yu-Cheng patients. Subsequent fractionation of the contaminated oils and laboratory animal studies have demonstrated that the PCDFs present in these mixtures were significantly more toxic than the PCBs in the Yushu/Yu-Cheng oil. -
The effects of in utero exposure to the contaminated rice oil resulted in a host of toxic effects in the Yu-Cheng infants, which included pigmented nails, fingers and toes, gum hypertrophy, tooth chipping, acne, hyperpigmentation, conjunctivitis or cysts and hirsutism. In addition, the effects of in utero exposure to the PCBs/PCDFs from the rice oil on cognitive development and behaviour in the Yu-Cheng children were determined using Rutter's Child Behavior Scale, the Bayley Scale for Infant Development, the Stanford-Binet Test and the Wechsler Intelligence Scale for Children. -In all of these tests the PCB/PCDF-exposed children exhibited some deficits, although the deficits were not significant at every time-point. Comparison between the deficits in Yusho/Yu-Cheng, North Carolina and Michigan children has not been carried out, and it is not possible to delineate which responses are Ah receptor-dependent or -independent. The early developmental effects of PCBs, PCDDs and PCDFs and the possible contribution of 'natural' AhR agonists is an area which requires further research.
Halogenated Aromatics and the Endocrine Disruption Hypothesis
In recent years there has been growing concern by some scientists that persistent organochlorine compounds may be responsible for the hypothesized decrease in male sperm counts, increase in male reproductive problems and breast cancer in women. These hypotheses are based on laboratory animal studies and observations in fish and wildlife populations. For example, halogenated aromatics such as PCBs, PCDDs and PCDFs as well as DDT, DDE and related compounds can act as hormone mimics, particularly estrogens, and disrupt various endocrine response pathways. Moreover, p,p-DDE, a major environmental contaminant, has recently been characterized as an antiandrogen in rodents and mammalian cells in culture. It has also been pointed out that there are a host of naturally occurring compounds in foods or cooked foods which bind to the AhR (e.g. indole-3-carbinol, aromatic amines, polynuclear aromatic hydrocarbons), estrogen receptor (bioflavonoids, lignans), retinoic acid receptor (vitamin and retinoid precursor) and other cellular receptors. The relative contributions (mass and potency) of natural components in raw and cooked foods must be compared to the relative contributions of organic pollutants for various endocrine response pathways. It has recently been suggested that the estrogen and antiestrogen equivalents of natural endocrine disrupters on food far outweigh contributions from xenoestrogens. These issues must be addressed in future studies on hazard and risk assessment of organochlorine pollutants as endocrine disrupters.
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